The temperature droop characteristics of internal efficiency (IE) in InGaN/GaN quantum well (QW) structures were investigated using the multiband effective mass theory. In the case of a relatively small Auger recombination ðG C A ¼ 5 Â 10 À30 cm 6 sÞ, the QW structure with a smaller In composition ðx ¼ 0:1Þ shows a larger hot/cold factor (IE T1 =IE T2 , with T 1 9 T 2 ) than that with a larger In composition ðx ¼ 0:3Þ because the radiative recombination is dominant and the IE of the former is much larger than that of the latter. The hot/cold factors for QW structures with x ¼ 0:1 and 0.3 are 0.85 and 0.71 at J ¼ 100 A/cm 2 , respectively. On the other hand, in the case of a relatively large Auger recombination ð9 C A ¼ 10 À28 cm 6 sÞ, the hot/cold factor (0.69) of the QW structure with a larger In composition is found to be larger than that (0.62) with a smaller In composition. This is attributed to the fact that the Auger recombination is dominant even for the QW structure with a small In composition and that the difference of the IE between two different temperatures decreases with increasing x .
Introduction
By now, there has been a lot of research effort in exploring blue-violet light sources, such as light-emitting diodes (LEDs) and laser diodes (LDs), due to their potential applications in full-color displays and high-density optical storage. [1] Also, many studies are focusing on the development of high-performance LEDs for a next-generation light source in general illuminations [2] - [7] . In this case, high-power LEDs should be operated with high efficiency and good reliability. However, a long standing problem called "efficiency droop" has been dimming the future prospects of LEDs as the ultimate illumination sources. The efficiency droop can be categorized using two classifications: current-density droop, J-droop, and temperature droop, T-droop. J-droop means that, with increasing the forward driving current, the external quantum efficiency (EQE) initially increases and then decreases beyond a point. The physical mechanism causing this efficiency droop has been a topic highly debated over the last several years, but no general consensus within the technical community has been reached [8] - [12] . In addition, GaN-based QW structures suffer from a strong decrease in radiative efficiency with increasing temperature, which we call the temperature droop, T-droop [13] - [15] . This means that the understanding of temperature characteristics of the light emission in GaN-based QW structures is important for the practical applications of optoelectronic devices [16] - [18] . However, despite their importance, many fundamental properties on temperature characteristics of the light emission in GaN-based QW structures are not well understood yet. In particular, there has been very little work on composition dependence of temperature droop characteristics of these QW structures. The understanding on the thermal droop characteristics will be very important because high-power LEDs operate at high temperature over 85 C under high injection current densities. In this paper, we investigate temperature droop characteristics of internal efficiency in InGaN/ GaN QW structures. Here, the self-consistent (SC) calculation is important because there exists an internal field due to spontaneous (SP) and piezoelectric (PZ) polarizations in the well. The SC band structures and wave functions are obtained by solving the Schrödinger equation for electrons, the block-diagonalized 3 Â 3 Hamiltonian for holes, and Poisson's equation iteratively [19] , [20] . Here, we consider the free carrier model with the band-gap renormalization. We consider a 3 nm In x Ga 1Àx N/GaN single QW structure with the compressively strained InGaN well and the unstrained GaN barrier (3.5 nm), assuming that the QW structure is grown on a thick GaN buffer layer. In the inset of Fig. 1 , we plotted a schematic diagram for this structure. The actual LEDs have a multi-quantum well (MQW) structure. However, the present results for the single QW will be useful in designing actual devices because the light emission in MQW is given as the sum of the contribution from the single QW.
Theory
The non-Markovian spontaneous emission spectrum g sp ð!Þ is given by [21] , [22] 
where o is the vacuum permeability, the dielectric constant, ¼ U (or L) refers to the upper (lower) blocks for the effective-mass Hamiltonian, ! the angular optical frequency, e is the charge on an electron, m o is the electron mass, k k the in-plane wave vector, L w the well thickness, and jM lm j 2 the momentum matrix element in the strained QW. f c l and f v m represent the Fermi functions for the conduction band states and the valence band states. The indices l and m denote the electron states in the conduction band and the heavy hole (light hole) subband states in the valence band, respectively. The band gap renormalization is given by the screened exchange (SX) self-energy and Coulomb-hole (CH) contributions. Coulomb interactions are calculated under the Hatree-Fock limit [23] , [24] . Also,
h! is the renormalized transition energy between electrons and holes, where E g is the band gap of the material, and ÁE SX and ÁE CH are the screened exchange and Coulomb-hole contributions to the band-gap renormalization, respectively.
The spontaneous emission rate, r spon ðÞ, can be obtained from our calculated spontaneous emission spectrum, g sp ðÞ, by using [25] , [26] r spon ðÞ ¼ 8cn 
where n is the refractive index of the quantum well and ¼ 2c=!, with c being the speed of light. The radiative current density can be related to the spontaneous emission rate as
where N w is the number of wells. The electron and the hole concentrations, pðzÞ and nðzÞ, are related to the wave functions of the n-th conduction subband and the m-th valence subband by
where m e is the effective mass of electrons, E fc and E fv are the quasi-Fermi levels of the electrons and the holes, respectively, E cl ð0Þ is the quantized energy level of the electrons, E vm ðk k Þ is the energy for the m-th subband in the valence band, k k is the in-plane wave vector, refers to the bases for the Hamiltonian, and f l ðzÞ and g heavier and the lighter parabolic hole band effective masses. In the above, the band-filling effect in the barrier region or the spillover is considered in the 2D carrier density calculation. The band-filling effect is important in analyzing optical properties and should be included into the spontaneous emission calculation. In particular, it is very important for the case with elevated temperature. Here, the quasi-Fermi-level separation ÁE fc ðÁE fv Þ was defined as the energy difference between the quasi-Fermi level and the ground-state energy in the conduction band (the valence band). The self-consistent solutions are obtained at the sheet carrier density of N 2D ¼ 10 Â 10 12 cm À2 . In the case without band-filling effect, the QW structure with a smaller In composition ðx ¼ 0:1Þ shows much larger spontaneous emission coefficient than that with a larger In composition ðx ¼ 0:3Þ. This is attributed to the fact that the former shows much larger optical matrix element than the latter due to the smaller internal field in the well, as shown in Fig. 1(b) .
Results and Discussion
However, with the inclusion of band-filling effect, the difference between spontaneous emission coefficients for both QW structures is shown to be greatly reduced. Moreover, the result at high temperature (360 K) shows that the QW structure with x ¼ 0:3 has slightly larger spontaneous emission coefficient than that with x ¼ 0:1. This can be explained by the fact that the quasiFermi level separation for QW structures with a smaller In composition is smaller than that with a larger In composition because the former has shallower potential well than the latter. This means that the band-filling effect in the barrier region or the spillover is dominant because the internal field effect is relatively small for the QW structure with the thin well width (3 nm). Also, the optical matrix element is shown to decrease with increasing temperature. This is mainly attributed to the fact that the confinement effect of the wavefunction in the potential well is reduced due to the decrease in the potential well depth with increasing temperature. The quasiFermi-level separation also decreases with increasing temperature due to a similar reason. compared to that with a smaller In composition ðx ¼ 0:1Þ. This can be explained by the fact that the spontaneous emission rate is inversely proportional to the fourth power of the wavelength, as shown in Eq. (2). We note that the light emission in realistic LED structure device with high In composition could be also reduced by an increase in defect densities in the active region [27] . However, this effect was not considered here for a simplified first-order estimation of temperature droop. In the case of the QW structure with x ¼ 0:1, B eff rapidly increases, shows a maximum near the carrier density of N 2D ¼ 6 Â 10 12 cm À2 , and then decreases with increasing carrier density. On the other hand, in the case of the QW structure with x ¼ 0:3, B eff gradually increases and begins to saturate with increasing carrier density. However, we know that the QW structure with x ¼ 0:1 has much larger B eff than that with x ¼ 0:3. Also, B eff is reduced with increasing temperature. The decrease of B eff can be explained by the fact that the radiative current density J rad begins to saturate when the carrier density exceeds 7 Â 10 12 cm À2 . That is, B eff begins to decrease with increasing N 2D with the saturation of J rad because B eff is inversely proportional to N 2 2D . Also, the saturation of J rad is related to the fact that the increase in the optical matrix element by the screening of the internal field gradually saturates with increasing carrier density, in addition to the saturation of the quasi-Fermi level, as shown in Fig. 2(b) . The saturation and decrease of B eff has been also observed theoretically in previous works [28] , [29] . Fig. 3 shows internal efficiency as a function of the current density for T ¼ 300 and 360 K of 3 nm InGaN/GaN QW structures with x ¼ 0:1, 0.2, and 0.3. The internal efficiency was analyzed by
and n is carrier concentration. A, B, and C represent the Shockley-Read-Hall, radiative, and Auger coefficient, respectively. [30] , [31] So far, several loss mechanisms have been proposed to explain efficiency droop in GaN-based LEDs. They includes carrier leakage [10] , [32] , [33] , carrier delocalization [34] , [35] , and Auger nonradiative recombination [36] - [38] . The major factors leading to efficiency droop are still controversial and the role of Auger recombination in the performance of GaN-based LEDs is still not clear at the current stage. Here, we considered Auger recombination only as the first approximation to analyze non-radiative recombination effect on temperature droop characteristics of GaN-based QW structures.
The internal quantum efficiency is defined as the ratio of the spontaneous recombination current J rad to the total current, that is, Bn 2 =ðAn þ Bn 2 þ Cn 3 Þ. Bn 2 is calculated as a function of temperature by integrating spontaneous emission rate. For the temperature dependence of the A coefficient, we used values reported in Ref. [39] . That is, we used A ¼ 5:35 Â 10 6 and A ¼ 9:9 Â 10 6 s À1 for 300 and 360 K, respectively. In the case of C coefficient, the issue on its temperature dependence is controversial now. The widely accepted assumption is that Auger losses increase with temperature according to an activation law ðC A exp½ÀE a =ðk B T ÞÞ with an activation energy, E a (50 meV for the blue emitting device) [40] - [42] . Here, we used the value of 
À29 cm 6 s. Also, we define the efficiency droop factor as ¼ IE L =IE H for a comparison of the temperature dependence of the efficiency droop, where IE L and IE H are internal efficiencies at the current density corresponding to a maximum internal efficiency and 100 A/cm 2 , respectively. Then, 360K = 300K G 1 means that the efficiency droop is further enhanced with increasing temperature. On the other hand, if 360K = 300K 9 1, it means that the efficiency droop is reduced at high temperature. These values are shown to depend on the In composition and the Auger coefficient. For example, in the case of C A ¼ 5 Â 10 À30 cm 6 s, we find that 360K = 300K 9 1, irrespective of the In composition. This is in good agreement with recent experimental results that the efficiency droop is reduced at high temperature [43] , [44] . However, with relatively larger Auger coefficients ðC A 9 5 Â 10 À29 cm 6 sÞ, it is found that 360K = 300K G 1 for the QW structures with small In compositions (x ¼ 0:07 and 0.1). Thus, further experimental and theoretical studies are necessary for clarifying the temperature dependence of the efficiency droop because the issue on Auger coefficient values is still controversial. Fig. 4 shows a hot/cold factor as a function of the current density of 3 nm InGaN/GaN QW structures with several Auger coefficients of C A ¼ ðaÞ 5 Â 10 À30 , (b) 5 Â 10 À29 , and (c) 10 À28 cm 6 s. Here, a hot/cold factor is defined as IE 360K =IE 300K , where IE 300K and IE 360K are internal efficiencies at 300 and 360 K, respectively. In the case of a relatively small Auger coefficient ðC ¼ 1 Â 10 À30 Þ, the QW structure with a smaller In composition shows larger hot/cold factor than that with a larger In composition in a range of an investigated current density. On the other hand, in the case of a relatively larger Auger coefficient ðC ¼ 10 À28 Þ, the QW structure with a larger In composition shows larger hot/cold factor than that with a smaller In composition for high current densities. However, the QW structure with a smaller In composition still shows larger hot/cold factor than that with a larger In composition in a range of a very small current density. This means that the thermal droop behavior of the QW structure with a relatively larger In composition is larger than that with a relatively smaller In composition if we assume that the Auger effect is small. However, if the Auger effect is large, we expect that the thermal droop behavior of the QW structure with a relatively larger In composition is smaller than that with a smaller In composition. It is desirable to increase the hot/cold factor to reduce the thermal droop behavior. Thus, further studies on the thermal droop behavior will be needed to obtain more concrete informations for device design. QW structures with (a) x ¼ 0:1 and (b) 0.3 for the case with C ¼ 5 Â 10 À30 . In the case of the QW structure with a relatively smaller In composition ðx ¼ 0:1Þ, the radiative recombination is shown to be dominant because the Auger recombination coefficient is relatively small. On the other hand, in the case of the QW structure with a larger In composition ðx ¼ 0:3Þ, the contribution from Auger recombination is dominant because the radiative recombination rate is reduced, as shown in Fig. 2 . Hence, the internal efficiency is decreased for the QW structure with x ¼ 0:3. Also, the current density contribution from non-radiative and Auger recombinations increases while the radiative recombination decreases with increasing temperature, irrespective of the In composition. This results in the reduction in the internal efficiency at higher temperature. As a result, the QW structure with a smaller In composition shows a larger hot/cold factor than that with a larger In composition because the internal efficiency of the former is much larger than that of the latter although the difference of the internal efficiency between 300 and 360 K of the QW structure with a larger In composition is smaller than that with a smaller In composition.
However, the situation is changed for the case of the QW structure with a relatively larger Auger coefficient. In Fig. 6 , we plotted results for the case with C ¼ 10 À28 . In contrast to the case with C ¼ 5 Â 10 À30 , Auger recombination is dominant even for the QW structure with a relatively smaller In composition ðx ¼ 0:1Þ. That is, the contribution from non-radiative and radiative recombination is very small compared to that from Auger recombination. Hence, internal efficiencies for both QW structures are small. Thus, the QW structure with a larger In composition shows a larger hot/cold factor than that with a smaller In composition because the difference of the internal efficiency between 300 and 360 K decreases with increasing x , as shown in Fig. 3. 
Conclusion
In summary, temperature droop characteristics of internal efficiency in InGaN/GaN QW structures were investigated using the multiband effective mass theory. The internal efficiency is reduced with increasing temperature and its difference between 300 and 360 K decreases with increasing x , irrespective of the current density. The spontaneous emission rate is greatly reduced for the QW structure with a larger In composition ðx ¼ 0:3Þ compared to that with a smaller In composition ðx ¼ 0:1Þ because the spontaneous emission rate is inversely proportional to the fourth power of the wavelength. In the case of a relatively small Auger recombination ðG C ¼ 5 Â 10 À30 cm 6 sÞ, the QW structure with a smaller In composition ðx ¼ 0:1Þ shows a larger hot/cold factor (IE T 1 =IE T 2 with T 1 9 T 2 ) than that with a larger In composition ðx ¼ 0:3Þ. On the other hand, in the case of a relatively large Auger recombination ð9 C ¼ 10 À28 cm 6 sÞ, the hot/cold factor of the QW structure with a larger In composition is found to be larger than that with a smaller In composition.
